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ABSTRACT

Techniques for adapting metamaterials for the improvement of RF energy harvesting and
infrared photodetection are demonstrated using experimental and computer simulation methods. Two methods for RF energy harvesting are experimentally demonstrated and supported by
computer simulation. In the first method, a metamaterial perfect absorber (MPA) is made into
a rectenna capable of harvesting RF energy and delivering power to a load by soldering Schottky
diodes onto connected split ring resonator (SRR) structures composing the planar metasurface
of the perfect absorber. The metamaterial rectenna is accompanied by a ground plane placed
parallel to it, which forms a Fabry-Perot cavity between the metasurface and the ground plane.
The Fabry-Perot cavity stores energy in the form of standing waves which is transferred to the
SRR structures of the metasurface as AC currents that are rectified by the diodes to create DC
power. This type of design enables highly efficient energy harvesting for low input power, creates a large antenna capture area, and uses elements with small electrical size, such that 100
µW of power (enough to operate simple devices) can be captured at ambient intensities ∼ 1 2 µW/cm2 . Two designs using this method are presented, one that operates for linear polarizations at 0.9 GHz and a smaller polarization-independent design that operates around 1.5 GHz.
In the second method, the energy stored in the standing waves of an MPA Fabry-Perot cavity is
instead harvested by placing a separate energy harvesting antenna within the cavity. The cavity
shapes and enhances the incident electric field, and then the separate energy harvesting antenna
is designed to be inserted into the cavity so that its shape and/or radiation pattern matches the
electric field lines within the cavity and maximally extracts the stored energy. This method allows for great customization of antenna design parameters, such as operating frequency, polarization dependence, and directionality, by swapping out different metasurface and antenna designs.
Using this method, the amount of power harvested by a simple dipole rectenna placed within a
cavity is improved by a factor of 18 as compared to what it would harvest by itself at an ambient intensity of 35 nW/cm2 . Lastly, the addition of plasmonic structures to DWELL (quantum
vi

dot-in-a-well) infrared photodetectors is investigated by computer simulation. DWELL photodetectors have the potential to one day replace standard mercury cadmium telluride detectors by
being cheaper alternatives with a higher operating temperature. The inclusion of gold plasmonic
structure arrays into DWELL detectors enables excitation of surface plasmon polariton modes
that increase the responsivity of the detector to incident infrared radiation. The peak responsivity of a DWELL detector is demonstrated to improve by a factor of 8 for a 1 µm thick layer of
plasmonic structures and by a factor of 15 for a 2 µm thick layer. These works are steps forward
in making RF energy harvesting practically useful and for improving infrared photodetector performance.

vii

Chapter 1

INTRODUCTION

1.1

Energy Harvesting

Energy harvesting is capturing waste power available from a variety of sources in the form
of heat, mechanical vibrations, electromagnetic radiation, etc., which can either be rectified and
used immediately to operate a device or stored for later. In particular, ambient electromagnetic
radiation is present virtually everywhere either from natural sources, such as the sun and blackbody radiation, or from more recently available RF (radio frequency) sources. Given the ubiquity of electromagnetic sources of radiation, there is great potential to utilize electromagnetic
energy that would otherwise be wasted. There exist situations, such as the implementation of
vast sensor networks, structural health monitoring, and biomedical implants [1, 2], where it is impractical or prohibitively expensive to use either batteries or wired power connections. Provided
that the power requirements of such devices can be met by the available ambient energy, energy
harvesting is an ideal solution for keeping those devices operational. Although some energy harvesting principles can be applied across all regimes of the electromagnetic spectrum, each choice
of regime presents unique challenges to successful energy harvesting and determines to a large
degree the amount of ambient energy available for harvesting. The main regimes of interest are
RF/Microwave, Infrared, and Optical.

1.1.1

RF Energy Harvesting

Increased use of mobile devices has led to strong interest in finding solutions to meet
their energy needs. Although it is unlikely that a device with high power requirements, such
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as a smart phone or laptop computer, could ever be powered entirely by ambient electromagnetic energy, the adoption of these devices has been accompanied by the production of RF signal generating infrastructure such as WiFi networks, cell-phone towers, and GPS satellites that
are sources from which energy can be harvested. These sources typically operate in the UHF
and lower SHF bands (0.3-6.0 GHz) and can be harvested with an antenna and accompanying
rectification circuit. Surveys on the RF power density available in those bands [3–6] indicate
that intensities ranging from 1 nW/cm2 to 35.5 µW/cm2 can reasonably be expected, depending on the frequency, time of day, and proximity to an RF source. The broadband power density
over the GSM band has been measured as high as 63 µW/cm2 . Given that the amount of ambient RF power is low, viable energy harvesting will likely be restricted to devices with low power
requirements(≤ 100 µW ) [7] that are within close proximity to a strong RF source and are capable of passively storing energy until needed.

1.1.2

Infrared and Optical Energy Harvesting

Although the focus of this work is primarily in the RF regime, many of the same design
considerations that are necessary for RF harvesting also apply to thermal and optical systems,
and so the RF designs presented in this work could potentially be scaled to the infrared and optical regimes where ambient energy densities will typically be much higher (thermal radiation
power from a given source at room temperature can be estimated from the blackbody radiation
formula as ∼ 104 µW/cm2 , whereas solar intensity on Earth’s surface is ∼ 105 µW/cm2 ). This
scalability is of particular importance in the infrared regime where significant energy harvesting
capability has yet to be demonstrated using either antenna methods or solid state technology
analogous to solar cells. There are a few considerable difficulties with scaling designs down to
smaller sizes. First, since the wavelengths of thermal and optical radiations are on the orders of
µm and nm respectively, energy harvesting antennas and any accompanying rectifying circuitry
will also need to be built on those same scales. This may make their manufacture prohibitively
difficult and/or expensive. Second, due to the skin effect, the resistive losses in the antennas become much larger at these frequencies, reducing their efficiencies dramatically. Lastly, rectifying
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circuitry needs to be operable at THz+ frequencies, which is beyond the capabilities of conventional diodes. Tunnel diodes are a possible solution [8]. In the optical regime, these problems are
big enough such that energy harvesting via antenna methods may never be a realistic alternative
to modern solar cells that are readily available today.

1.2

Infrared Photodetection

Infrared photodetection is of interest because of its applications including, but not limited to, thermal imaging, night vision, security, missile detection, medical imaging, astronomy,
and temperature sensing. With such a broad range of applications, there is strong interest for
improvements in detector responsivity and spectral resolution while striving for inexpensive and
compact designs that operate at higher temperatures (typical infrared photodetectors operate
from ∼ 75-200K). Current infrared photodetectors are solid-state devices with band gaps allowing the absorption of infrared photons. The excitation of electrons from the valence band to the
conduction band allows the electrons to be collected with an applied voltage and thus generate
an electronic signal which can be processed for the desired application.

1.3

Metamaterials and Perfect Absorbers

Some of the aforementioned challenges to energy harvesting and photodetection can potentially be overcome by integrating devices with metamaterials. Metamaterials are made by
building an array of resonating structures (although non-resonating structures can also be used
for certain applications) that behave analogously to the atoms/molecules in a crystal when interacting with electromagnetic radiation of the right wavelength (lattice period ∼ λ/10). Depending on choices in the sizes and shapes of the structures, the optical (and even acoustical) properties of the resulting metamaterial, such as  and µ, can be customized. Unlike with naturally
occurring materials, negative effective values of µ can be obtained in metamaterials, leading to
several properties that had been predicted by Veselago [9] long before metamaterials were first
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realized. Among the predictions were a negative index of refraction, oppositely directed phase
and group velocities, and reversals in the Doppler effect and Cerenkov radiation. Negative index of refraction [10–13], which changes the sign of the angle of refraction as predicted by Snell’s
law and thus allows greater manipulation over the direction of light, has so far drawn the most
research interest and has applications in diffraction-unlimited optical imaging [14, 15] and invisibility cloaking [16, 17].
The most common structure used to make metamaterials is the split ring resonator (SRR),
which is simply a metal ring (may be square-shaped or otherwise non-circular) containing a small
√
gap. A SRR behaves like a resonating RLC circuit with resonance frequency, ω0 = 1/ LC, for
electrical currents induced by the electric and/or magnetic fields of incident electromagnetic radiation. This resonance frequency can be tuned by adjusting the radius of the SRR, such that the
resonance frequency is inversely proportional to the radius. For resonating structures, the desired
properties of the metamaterial generally only occur near the resonance frequency (but often with
high Q-value), which typically limits the viability of metamaterials for broadband applications.
Structures possessing rotational symmetry such as crosses [18] and disks [19] have been used to
create polarization-independent metamaterials. Additionally, spiral shaped structures have been
used to alter the polarization and/or flip the handedness of light [20].
Recent works have shown that metamaterials can be used for RF energy harvesting by
creating electrically small rectifying antennas (rectenna) with high RF-DC conversion efficiency
[21, 22] and also improve the efficiency for wireless energy transfer [6]. In these works, a single
element of an S-shaped resonator [22] or a one-dimensional array of split-ring resonators (SRR)
with embedded Schottky diodes [21] were used as the rectennas, which reached ∼85% and ∼35%
RF-DC conversion efficiency at 1.5754 GHz and 900 MHz, respectively. However, the intensities
of incident RF waves in these experiments (∼ 1.6mW/cm2 ) [22] are three order of magnitude
higher than ambient RF energy level (< 5 µW/cm2 ) [5].
Since the resonant frequency of metamaterial structures can be tuned by changing their
size, metamaterial detectors and energy harvesters can be designed to match the absorption frequency to that of a given RF source to optimize performance. This scalability could potentially
allow for harvesting from the infrared or optical portions of the electromagnetic spectrum by reducing the size of the harvester (although conductor loss gets greater at higher frequencies, which
4

may make optical energy harvesting infeasible). An additional advantage of using metamaterials,
is that their structures are electrically small. The resonance wavelength is approximately an order of magnitude larger than the size of an SRR, whereas some other types of antennas have at
least one physical dimension on the order of about half of a wavelength.

1.3.1

Perfect Absorbers

A promising method of applying metamaterials to RF energy harvesting is to adopt a
metamaterial perfect absorber (MPA) design and modify it to include an RF to DC power rectification system. An MPA [18, 19, 23–29] allows control over the complex parts of the permeability
and permittivity, which are responsible for the ohmic losses within the material, and thus the
amount of energy the metamaterial absorbs from electromagnetic radiation can be controlled. An
MPA can absorb nearly 100% of incident radiation at its resonant frequencies. MPAs have been
utilized in a wide range of applications including EM wave absorption [23, 30], spectral [28] and
spatial [29] modulation of light, selective thermal emission [31] and detection [32], infrared photodetection [33, 34], and refractive index sensing [35]. In this work, their application for energy
harvesting will be demonsrated.
MPAs are constructed by placing a 2-D array of resonating structures on one side of a
dielectric substrate, and placing an electrically conducting sheet on the other side. For a perfect absorber to work, both transmission and reflection for the metamaterial need to be suppressed and electromagnetic waves entering the material need to be absorbed in it. Transmission
is easy to suppress, as the conducting ground plane forbids any transmission through the metamaterial. To eliminate reflection, the metamaterial must be impedance matched to free space
p
(Z0 = (µ0 /0 )). This can be done by choosing resonating structures for which the effective relative values of  and µ are equal for the metamaterial. There are two methods to maximize the
ohmic loss within the material. The initial method, as demonstrated by Landy et al. [23] when
the MPA was first introduced, is to use a lossy substrate in the metamaterial so that the electromagnetic wave is absorbed before it can reflect off of the ground plane and reemerge from the
metamaterial after making a second pass through the substrate. The second method takes advan-
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tage of the fact that the MPA is a type of Fabry-Perot cavity that supports standing wave patterns at certain frequencies [35], for which energy is stored. This energy is eventually dissipated
after multiple reflections through the material by ohmic losses in the substrate or as conductor
loss in the ground plane and resonating structures. Using this principle, the substrate need not
be very lossy and in fact can even be eliminated. This is ideal for energy harvesting, as it is desired to harvest the energy trapped in the cavity rather than have it go to waste as ohmic losses
in the substrate. The frequencies supported by the Fabry-Perot cavity can be altered by adjusting the spacing between the ground plane and the resonating structure layer. To maximize absorption, the ground plane distance should be set so that the cavity frequency matches the frequency where the material is impedance matched to free space.

1.3.2

Plasmonic Structures for Infrared Photodetection Enhancement

To enhance infrared photodetection, an array of plasmonic structures can be built into
the aperture of a photodetector, which improves detection by means of coupling the incident photons to surface plasmon polariton resonances enabled by the metal/dielectric interfaces between
the metallic structures and the substrate. The excitation of these resonances enhances the electric field locally, which increases the number of electron excitations from the valence band to the
conduction band to produce a stronger electronic signal.

1.4

RF Energy Harvesting Literature Review and Challenges

Practical energy harvesting systems feature at least three components: A receiving antenna for capturing radiation, a rectification circuit for converting captured power to DC power,
and a power management system for storing and distributing energy. The rectification circuit can
be built into the antenna to create what is called a rectenna. Ongoing research has largely focused on improving each of these components in order to address the core problems. Namely, an
RF energy harvesting system should:
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1. Have high energy harvesting efficiency at low power density
2. Possess an electrically small antenna with a large effective area
3. Be effective for large bandwidths and be polarization-independent

1.4.1

High Efficiency at Low Power Density

Since the available ambient power density produced by RF sources is very small except
for at locations within close proximity to a strong source, any energy harvesting system must be
highly efficient in order to capture a meaningful amount of energy. Obtaining high efficiency at
low power is the primary obstacle to practical energy harvesting. This is because typical rectification systems composed of diodes require a minimum input voltage in order to activate. If the
amount of energy collected is very low, then either the diodes will fail to activate and no energy
will be harvested, or else the system will be highly inefficient since most of the energy will be lost
to activating the rectification system. To address this issue, research has occurred in low-power
diode modeling [36, 37], meta-atom enhanced spintronic rectification [38], passive low-power rectification circuits [39], and increasing input power using antenna arrays [40]. Typically, Schottky
diodes are used for low-power RF applications because of their low activation voltage. However,
for conditions of extremely low-power, even they may not be adequate. Alternatives, such as a
magnetic tunnel junction [8] and tunnel diodes [41], are being investigated.
For most RF applications, impedance matching networks are necessary to maximize power
delivered to a device at the desired frequency. Previously, such techniques have also been employed for RF energy harvesting [42, 43]. However, recent work has demonstrated that for very
low input powers, ohmic losses in the impedance matching circuits tends to outweigh their benefits and thus should not be used for ambient RF energy harvesting [44].
In order for an energy harvesting system to be useful, it must include a power management circuit that can store power while the device is not in use, and be able to distribute the
correct amount of power to the device at times of operation. Typically a power management circuit will need power of its own to operate, or at the very least it will introduce losses into the
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system. In high-power conditions this is not much of a concern, but for low-power applications
such as RF energy harvesting, this is a significant problem that is being researched [45–49]. The
work presented here does not include a power management system, but instead focuses on capturing the maximum amount of power from the environment.

1.4.2

Electrically Small Antenna with Large Effective Area

There are difficulties with capturing enough useful power with an electrically small antenna [50]. A rule of thumb is that an antenna is most efficient when it has at least one physical
dimension comparable in size to the wavelength of the incident radiation (a typical example being a simple dipole antenna, which is most efficient with length ∼ λ/2). RF radiation from the
UHF band has wavelengths ranging from about 5-30 cm, and thus we would typically expect to
see RF energy harvesting antennas of about that size. This could make the energy harvesting
system bulky compared to the size of the device. Metamaterials have been shown to be an exception to this rule of thumb [21, 22, 51–53] by taking advantage of a metamaterial unit cell typically
being sized ∼ λ/10, and so they are excellent candidates for use as compact energy harvesting
antennas.
In addition to being highly efficient, it will usually be helpful if the energy harvesting
antenna is capable of capturing power from a large region of space relative to its physical size.
This region of space is called the effective area of the antenna (refer to Sec. A.4 for more details).
However, increasing an antenna’s effective area for a given angle of incidence necessitates decreasing its effective area in other directions (see Sec. B.5). In short, an antenna that is designed to
receive signals from only one direction but is pointed at an RF source will capture much more
power than one that can receive signals from a broad array of angles. Ideally, one would like to
be able to place an energy harvesting device at an arbitrary location without needing to worry
about where the ambient RF energy is coming from, but broad directional properties preclude
the antenna from having a large effective area and thus less power will be harvested using this
strategy. Thus the low-power conditions of ambient RF energy harvesting limit the effectiveness
of broad directional antennas in favor of ones with large effective areas directed at the RF source.
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1.4.3

Polarization and Broadband

Depending on the source available for energy harvesting, the antenna will need to be designed to maximize its efficiency to account for the directional properties of an incident RF signal, such as the angle of incidence and the polarization. Some approaches to addressing this have
been the use of frequency-selective surfaces [56] and antenna elements in the shape of crosses [54],
spirals [55], and diamonds [57]. If it is not practical to orient the antenna towards the source
with the correct polarization, then the situation calls for an omni-directional antenna that admits RF signals of arbitrary polarization. As mentioned in the previous paragraph, this may be
at odds with having a large effective area. Designing antennas that accept a broad range of polarizations increases their complexity and often comes at the cost of efficiency.

1.4.4

Summary of Past Results

As pointed out by Falkenstein [58] et al, comparing benchmarks between research groups
is difficult and should only be used as a guideline, because results have been reported using differing frequencies, power densities, and definitions of energy harvesting efficiency (refer to Sec.
A.4 for a discussion on efficiency definitions). Some groups opted to report their results in terms
of input power to the antenna rather than in terms of power density, further complicating comparisons. Table 1.1 is a modified version of the one presented by Falkenstein [58], summarizing
some of the past results.

1.5

Infrared Photodetection Literature Review

A wide range of applications, including those of medical and military interest, has fueled
research in infrared (IR) photodetectors. Mercury-cadmium-telluride detectors (MCTs) are the
standard to date, but are often prohibitively expensive and operate optimally at lower temperatures (∼ 75K as compared with quantum dot based detectors, up to ∼ 200K). Quantum dot-
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Table 1.1: Summary of energy harvesting efficiency results reported by various groups
Group
Falkenstein [58]
McSpadden [59]
Popovic [60]
Ren [61]
Tu [62]
Zhu [22]
Hawkes [21]
Ramahi [53]
Takhedmit [63]

Frequency(GHz)
1.96, 2.45
5.8
0.915, 2.45
2.45, 5.8
5.8
1.5754
0.9
5.4
2.45

Power Density
25-200 µW/cm2
4.12 mW/cm2
1 µW/cm2
10 mW/cm2
8.16 mW/cm2
?
1.6 mW/cm2
?
14µW/cm2 , 43µW/cm2

Efficiency(%)
54, 57
82
40.7, 56.2
65, 46
76
84.7
36.8
77
73, 84

in-a-well (DWELL) detectors have emerged as potential competitors to MCTs by combining the
advantages of quantum dot detectors (normal-incidence detection, high photoelectric gain, potential for low dark currents, and high-temperature operation [64–66]), with those of quantum
well detectors (better sensitivity and control over operating wavelength), and are approaching
MCTs in terms of responsivity and specific-detectivity [67, 68] (although DWELL detectors still
exhibit worse performance than MCTs). DWELL detector performance can be enhanced by surface plasmon polariton (SPP) excitations caused by the inclusion of sub-wavelength metallic hole
arrays (MHAs) [69–73] and other types of plasmonic structures such as disks, etc. SPPs are the
collective oscillations of electron plasma in the metallic structures, e.g. MHAs, excited by electromagnetic (EM) radiation [74–77], which can concentrate light on the subwavelength scale beyond the diffraction limit and thereby significantly enhance the EM field. Localized surface plasmons (LSP) confine surface plasmons in the vicinity of subwavelength resonators, e.g. metallic
disks, which also can significantly enhance the EM field near the surface of the resonators [78],
and thereby improve the performance of the photodetectors [79–81].
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Chapter 2

RF ENERGY HARVESTING WITH A PERFECT ABSORBER

2.1

Introduction

The first design that was investigated is the split-ring resonator (SRR) metasurface shown
in Figure 2.1. The design is inspired by the perfect absorber introduced by Landy et al [23]. Simulations and experiments indicate that the rectenna resonates near 900 MHz. This frequency is
near what is used by some cell phone signals. The rectification is enabled by soldering Skyworks
SMS-7630 Schottky diodes onto the SRRs at the locations of the red arrows in the figure. Schottky diodes were chosen because they have a low activation voltage, which will result in more energy being available for harvesting. The energy harvesting efficiency is further enhanced by placing a metal plate (ground plane) with area identical to the rectenna behind it. This configuration
creates a resonating Fabry-Perot cavity that traps electromagnetic energy in the form of standing
waves. The resonance wavelength of the cavity can be tuned by varying the distance between the
ground plane and the rectenna. Optimum energy harvesting occurs when the Fabry-Perot resonance matches the metasurface resonance.
This design addresses some of the main obstacles to RF energy harvesting:
• The inclusion of the ground plane enhances energy harvesting efficiency at low power densities.
• Individual split ring resonator elements are electrically smaller (∼ λ/10) than many other
typical antennas (∼ λ/2).
• The rectenna has a large effective area.
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Figure 2.1: Original energy harvesting metamaterial rectenna design. (a) Picture of full energy
harvesting device. The incident wave is perpendicular to the plane of the rectenna and polarized in the x-direction. The long copper strips on the sides act as terminals to which a load can
be connected across. (b) Unit cell and specifications: d = 30 mm, a = 40 mm, g = 1 mm, w =
1 mm, tsub = 0.8128 mm (thickness of FR4 substrate), tr ing = 0.0178 mm (thickness of copper ring layer). Surface current modes activated at the resonance frequency (815 MHz in simulations) are shown on the full-sized sample (bottom-right). Red triangles indicate the placement
of Schottky diodes and the direction that DC current flows (c) The equivalent circuit model for
the Schottky diodes used in the simulations. The model’s parameters were given by the manufacturer’s specifications. (d) Current modes generated in the rectenna. Red arrows accentuate the
circular pattern generated in each of the unit cells.
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2.2

Manufacturing and Basis for the Design

The sample was constructed by using the photolithography and chemical etching process described in Sec. A.1 followed by soldering Skyworks SMS7630-079LF Schottky diodes onto
the ring structures. The split-ring resonator structure was used so that energy would be stored
within the metasurface in the form of alternating current, analogously to an RLC circuit. The
multiple passes of electrical current through the ring structures and diodes enable an increase
in the amount of rectified current, and thus deliver additional power to the load. The polarities
of the diodes alternate in adjacent rows and columns as shown in Fig. 2.1, for creating correctly
aligned effective “batteries” in series and parallel connections such that the long contact strips
on each side of the sample act as terminals that a load can be connected to. The alternating arrangement of diodes between rows also helps to harvest both the forward and backward currents
induced by the positive and negative half cycles of the incident RF wave, respectively. The addition of the metal ground plane converts the metasurface to a metamaterial perfect absorber
design, where a Fabry-Perot cavity is created between the metasurface and the ground plane.
This cavity stores energy in the form of standing waves which repeatedly transfer power to the
metasurface by inducing alternating currents in its ring structures. The alternating currents are
rectified by the Schottky diodes to deliver DC power to the load.

2.3

Experimental Method and Definitions

The experimental setup outlined in Sec. A.2 is used, with the experiment taking place
within an anechoic chamber. The optimum load for energy harvesting is determined to be about
1kΩ (refer to Sec. A.5 for how the load is optimized). The efficiency of the ring structure alone is
determined as a function of frequency and intensity and then the ground plane is introduced to
create a perfect absorber. The same sweep is performed for varying distances between the ground
plane and the metasurface so as to find the configuration that results in maximal energy harvesting.
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Figure 2.2: The sample being measured in an anechoic chamber. An SAS-570 horn antenna
(background) transmits a signal to the metamaterial sample (foreground).
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Efficiency, ηgeo , is defined using the physical area of the rectenna as in Eq. (2.1) (Refer to
Sec. A.4 for an explanation on the difference between using physical area and effective area) as
the ratio of the power delivered to the load, PLoad , to the power incident on the geometric area of
the antenna, PI . PLoad is determined from the familiar Joule heating formula, PLoad = V 2 /RLoad ,
and the power incident on the antenna is calculated by multiplying Ageo by the intensity, I. I
is calculated using Eq. (2.2), where G is the gain of the transmitting horn antenna (determined
by using the standard 3-antenna technique [82] demonstrated in Sec. A.3), and r is the distance
between the transmitting horn antenna and the energy harvesting rectenna.
V2

ηgeo

PLoad
RLoad
× 100% =
× 100%
=
PI
I × Ageo

(2.1)

Pt G
4πr2

(2.2)

I=

Although the results will primarily be presented in terms of ηgeo , some values for ηef f
will also be reported. An estimate of ηe f f is made by running a simulation with the rectenna
replaced by a simpler model for which the effective area can be more readily determined. It is observed in Fig. 2.1d that the current flows in circular loops at the resonance frequency. This suggests that the sample can be approximated by a simpler array of 4 simultaneously excited diodeless loop antennas that match the current flows found in the rectenna. This geometry is used in a
CST Microwave Studio computer simulation to estimate the directivity of the sample, which can
the be used to calculate the effective area from Eq. (2.3) and then determine ηef f from Eq. (2.4).
The reciprocity theorem is applicable here because the diodes have been omitted. PEC is used
for all metal components and the substrate is changed to lossless FR4 to thereby eliminate any
losses and obtain maximum effective area. Given these approximations, the efficiency value using
Aef f should be considered less accurate than that given by Ageo .

Aef f =

λ2 D
4π

(2.3)

V2

ηef f

PLoad
RLoad
=
× 100% =
× 100%
PI
I × Aef f
15

(2.4)

Figure 2.3: Approximation of energy harvesting rectenna with a 4-ring antenna array. The rings
have the same circumference as the current loops shown in Fig 2.1d.

2.4

Simulations

Simulations of the energy harvesting rectenna (with and without the ground plane) were
conducted using CST Microwave Studio to calculate the absorption cross section (ACS)(Figure
2.4a) for the purpose of identifying the approximate resonance frequency of the metamaterial (refer to Sec. B.2 for details on ACS simulations). Once the resonant frequency was found, a surface
current monitor set at the resonance frequency was added and the simulations were repeated to
analyze and understand the induced current resonance modes resulting in the greatest efficiency.
In order for the simulations to accurately represent the performance of the device, a reasonable
equivalent circuit model must be used for the Schottky diodes. The circuit shown in figure 2.1c
was used, where the component values were pulled from the schematic sheet for the Skyworks
SMS7630-079LF Schottky diodes. The inclusion of the diodes also allowed for an estimation of
the relative increase in DC power delivered to the load after inclusion of the ground plane. Refer to Sec. B.4 for more details regarding the diode equivalent circuit model and simulating the
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DC power delivered to the load. When determining the ACS, the idealized diodes in the circuit
were omitted in order to eliminate harmonic generation that perturbed the results. Differences
between experiment and simulation are likely from the limitations of the diode model, errors in
estimation of the material parameters such as the loss tangent and permittivity, and manufacturing defects.

2.5

Experimental Results

Fig. 2.4a shows the absorption cross-section area, σACS = Pa /I, where Pa and I are the
power absorbed by the rectenna and the intensity of the incident wave, respectively. The electric
field of the incident wave in the simulation is set as 15 V/m, which corresponds to an intensity of
30 µW/cm2 . The absorption cross-sections for both the SRR array (without ground plane) and
the MPA predict a peak energy harvesting frequency around 0.90 GHz. Adding the ground plane
causes the peak to become much narrower, but much larger; indicating a significant increase in
Q-factor. As seen in Fig. 2.4b, the power delivered to the load is primarily from DC, while power
from AC signals is much smaller, suggesting good rectification efficiency. When the ground plane
is incorporated, the DC power is much higher. The directivity is calculated both with and without the ground plane. and the effective area is obtained for each case using Eq. (2.3) (Fig. 2.4c).
The effective area, Aef f , for the MPA shows a peak value of 683 cm2 at 0.83 GHz, which is significantly larger than both Aef f = 239 cm2 for the SRRs at the same frequency and the physical
area Aphy = 297 cm2 . Using the effective area shown in Fig. 2.4c, the rectification efficiency for
intensities of 2.6 µW/cm2 and 65 µW/cm2 was measured as shown in Fig. 2.4d. The efficiencies
for both SRRs and the MPA peak at 0.90 GHz as predicted by the ACS. The efficiency for the
MPA is comparable to the SRRs at 2.6 µW/cm2 , however, it is lower for 65 µW/cm2 . This result may be deceiving since the actual DC power delivered to the load, PLoad = ηef f IAef f , for
the MPA is much larger due to a larger effective area. In the following discussion, we use Ageo to
calculate the effective efficiency, i.e. Eq. (2.1), to make fair comparisons between the SRR array
and the MPA. In addition, efficiencies calculated from the physical area can provide simplicity
and accuracy for predicting the actual power delivered to the load, because most of the previous
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Figure 2.4: Absorption cross-section, effective area, and RF-DC conversion efficiency. (a) Simulated rectenna absorption cross-section area with (blue) and without (red) the ground plane. (b)
Simulated power delivered to the load from a Gaussian pulse. (c) Effective area of the rectenna
calculated from simulated directivity. (d) Measured RF-DC harvesting efficiency using the effective area in (c).
works only use very rough estimations [21, 22, 83] (e.g. a short dipole model) to obtain the effective area of a rectenna consisting of an array of elements.
To investigate the highest possible efficiency, the sample is initially measured at relatively
high intensities of incident RF waves as shown in Fig. 2.5. The intensity range, 2.6 µW/cm2 to
65 µW/cm2 , is well above what would typically be expected to be available from ambient RF signals and thus would only be found within close proximity (< 25m) to a strong RF source, such
as a cell phone tower, or right next to a weak RF source. For both cases of with and without the
ground plane, the maximum energy harvesting efficiency occurs at 0.90 GHz, which is comparable to the frequency predicted by the absorption cross-section. Without the ground plane, the
SRR array reaches the highest efficiency of ∼ 60% at 0.90 GHz when the intensity of the incident
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RF wave reaches 65 µW/cm2 . When the ground plane is placed at the optimum distance (s =
4 cm), the energy harvesting efficiency improves considerably (compare Fig. 2.5a and 2.5b with
2.5d and 2.5e) and reaches the highest efficiency of ∼ 140%. The efficiency above 100% indicates
that the ground plane has caused the effective area of the rectenna to become significantly larger
than its physical area as shown in Fig. 2.4c. As shown in Fig. 2.5c and 2.5f, the efficiency of the
sample generally increases with incident intensity. However, the efficiency saturates when the intensity reaches above ∼ 10 µW/cm2 . This is because the resistance of Schottky diodes rapidly
decreases to nearly zero when the induced voltage overwhelms the turn-on threshold. Therefore,
the overall ohmic resistance of the rectenna, Rohm , is dominated by the losses of the SRR array
and the FR4 substrates, which have no power dependence. As a result, the efficiency, which can
be written as η = Rrad /(Rohm + Rrad ) with Rrad being the radiation resistance, does not change
with the intensity. This is not a major concern in practical applications, because such high power
densities would only be reached within close proximity to a strong RF source, where optimal efficiency becomes less important. Fig. 2.5a and 2.5d also show that the peak efficiencies do not
shift in frequency as the incident power increases, showing good stability with frequency.
Recent work from our group have shown that MPAs can be understood as a Fabry-Perot
type meta-cavity bounded between a resonator array and a metallic ground plane [35]. The metacavity usually has a thickness less than λ/10, much thinner than the λ/2 thickness of a typical Fabry-Perot cavity between two closed boundaries. In the following, we show that our MPA
rectenna works as an electrically thin meta-cavity. As shown in Fig. 2.6, the efficiency exhibits
several branches as the cavity length (the distance, s, between the SRR array and the ground
plane) increases. Each branch corresponds to a resonance mode of the meta-cavity and follows
a linear function as the wavelength increases. To understand this linearly scaling property, we
draw white dashed-lines and black solid-lines to show vacuum-filled Fabry-Perot cavities bounded
between two “closed” boundaries (s = mλ/2) and between one “open” and one “closed” boundaries (s = mλ/2+λ/4), respectively, where m is a non-negative integer. Here we use “closed”
and “open” to represent the boundary conditions of nodes (Et = 0, where Et is the tangential
component of the electric field) and anti-nodes (Et reaches maximum), respectively. The lowest
resonance mode occurs below the first black line (s = λ/4), indicating a cavity mode bounded
between a “quasi-open” boundary formed by the SRR array and a “closed” boundary formed
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Figure 2.5: Experimental measurements of energy harvesting efficiency as a function of frequency
and intensity. (a)-(c) are measurement without the ground plane. (d)-(f ) are measurements with
the ground plane. Generally the energy harvesting efficiency increases as a function of input
power. However, for very large power densities the efficiency decreases (red curve in (f )) as the
diodes reach their reverse breakdown voltages. 0.9 GHz was the frequency for optimum energy
harvesting.
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by the ground plane. The maximum efficiency of this mode occurs at λ = 34 cm (frequency of
0.90 GHz) with the cavity length, s = 4 cm ≈ λ /8.5. The thin cavity length greatly decreases
the profile of RF energy harvesting devices and can be further decreased by filling the cavity
with low-loss, high dielectric constant material. The second and the third modes follow the black
lines for s = 3λ/4 (m = 1) and s = 5 λ/4 (m = 2), respectively, indicating higher order modes
of “quasi-open” cavities. The MPA plays triple roles in improving the efficiency of the RF energy harvesting. First, it enlarges the effective area by a factor of 2.86 compared with the SRR
array (2.4c), which greatly increases the amount of energy entering the rectenna. Second, it captures nearly 100% of RF wave energy by eliminating reflection. The RF wave energy is then
stored in the meta-cavity through cavity resonance modes, and the waves are reflected multiple
times between the SRR array and the ground plane. Each time a wave is reflected by the SRRs,
a certain amount of RF energy is converted to DC power delivered to the load through induced
resonant current. Third, the meta-cavity exhibits a much higher Q-factor than plasmonic resonators [21, 22](e.g. SRRs), and thereby can significantly increase the induced voltage across the
diodes and activate them for low-intensity RF waves.
Fig. 2.7a and 2.7b show the energy harvesting efficiency measurements at intensities that
are comparable to what can be found from ambient sources (up to 1.0 µW/cm2 ). The intensity
levels presented were chosen to correspond to what can be found on the streets of urban environments [5, 7] including GSM cellphone (< 1.930 µW/cm2 at 900 MHz and < 6.40 µW/cm2
at 1800 MHz) and 3G (< 2.4 µW/cm2 at 2110 MHz). Now the efficiency is clearly much lower
than it was for the high-power measurements. However, the inclusion of the ground plane increases the efficiency by a large factor (up to 16) as compared to the bare SRR surface at these
low intensities. A plot of the ratio of the efficiency with the ground plane to the efficiency without the ground plane, which will be referred to as the enhancement factor, is shown in Fig. 2.7c.
The presence of the ground plane produces the largest enhancement factor at very low powers
(about 0.01-0.09 µW/cm2 , which is at a typical ambient level). The SRR array gives about 1%,
2%, 5% and 15% efficiency for 0.01 µ W/cm2 , 0.03 µW/cm2 , 0.06 µW/cm2 , and 0.4 µW/cm2 respectively, while the MPA can boost the efficiency to ∼ 10%, ∼ 15%, 25%, and 80%, respectively.
We attribute the enhancement to the fact that the MPA significantly increases the induced voltage across the diodes due to the high Q-factor meta-cavity resonance as shown in Fig. 2a, which
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Figure 2.6: Fabry-Perot cavity standing wave pattern generated by adjusting the distance between
the rectenna and the ground plane subject to 30 µW/cm2 intensity. The white dashed lines indicate where the maximum efficiency would be expected to occur in a cavity with closed boundary
conditions. The solid black lines indicate where the maxima would occur with half-open boundary
conditions. The measured maxima occur close to where expected for half-open conditions, but differ because the metamaterial surface alters the effective index of refraction of the cavity and/or
introduces a phase change. This causes the shortest resonating cavity length to occur at λ/8 instead of λ/4.
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Figure 2.7: Measurements corresponding to power densities that would be available at various distances from a 100 mW source possessing a transmitting antenna with gain of 3/2. (a) No ground
plane. (b) Ground plane present. Same legend as 5a. (c) Enhancement factor; defined as the ratio of power harvested with the ground plane to power harvested without the ground plane, measured at 0.90 GHz. The peak frequency is slightly different than before because of slight differences
in the angle of incidence of the rectenna between measurements.
makes it easier for the diode to activate (particularly at low power). As an example, to obtain
100 µ W power, a typical threshold for low power electronic devices [7], our MPA requires an incident intensity of 0.4 µW/cm2 , which can be found at ∼ 100 m distance from a GSM base station [7], or using a dedicated RF source.

2.6

Smaller Samples

ηgeo measurements were also performed on energy harvesting designs containing four
and eight ring structures (figure 2.8) without the ground plane. The ring size was kept constant
and so only the number of unit cells was changed. The load needed to be optimized for each
rectenna, and values of 500 Ω and 1300 Ω were obtained for the four-ring and eight-ring designs,
respectively. Results for ηgeo are shown in figure 2.9. The resonance frequency occurred near 0.9
GHz as before, indicating that the primary resonance behavior can be attributed to the ring
structures rather than to the size and shape of the rectenna as a whole and thus demonstrating
the scalability of the design. The efficiency is higher for the four-ring (∼ 120%) and eight-ring (∼
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Figure 2.8: Smaller energy harvesting rectennas of four and eight rings. The ring size is identical
to that of the larger design; only the number of cells has changed.
90 %) designs as compared to the sixteen-ring (∼ 70%) design, because when antennas are scaled
down their effective area becomes larger relative to their physical area.

2.7

Summary

A rectenna based off of a metamaterial perfect absorber has been presented that addresses
three of the main barriers to RF energy harvesting: high efficiency at low power densities, electrically small structures, and large effective area. In particular, the presence of the ground plane
improves energy harvesting efficiency at low power densities up to about a factor of 16 by making
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Figure 2.9: ηgeo for smaller designs. (a) Four-ring design. (b) Eight-ring design.
it easier for the diodes to surpass their activation voltage. 100 µW of power could be delivered to
a device with an ambient power density of only 0.4 µW/cm2 .
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Chapter 3

POLARIZATION-INDEPENDENT DEVICE

3.1

Introduction

The perfect absorber based design from chapter 2 was modified to feature a network of
connected 4-ring clusters of split ring resonators (SRR) resulting in a polarization-independent
design with a more compact size (Fig. 3.1). This design also carries over the same advantages
as the previous design, namely small electrical size, large effective area, and good performance
for low input power. Comparable works found in the literature on polarization-independent RF
energy harvesting devices were limited by large antenna sizes and/or low efficiency at ambient
intensity [56, 60, 84].

3.2

Manufacture and Method

The rectenna is designed and optimized using CST Microwave Studio, which uses a finite
integration technology. The efficacy of the design was determined by the method in Sec. B.2 for
calculating the far-field absorption cross section, σACS = Pa /I, where Pa and I are the power
absorbed by the sample and the intensity of incident wave, respectively. σACS helps optimize the
frequency and amplitude of resonance peaks that result in optimal absorption. In the simulations, the diodes were modeled using the same equivalent circuit from Sec. B.4 (reproduced in
Fig. 3.1c). The polarization-independent design shown in Fig. 3.1 was constructed from copperclad FR4 printed circuit board using the same photolithography/etching process outlined in Sec.
A.1. The sample is tested using the same equipment setup and LabVIEW program as in Sec.
A.2. This time the sample is rotated in 15 degree increments up to 180 degrees and the efficiency
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for power delivered to a 4000 Ω load was measured as a function of polarization angle, θ, both
with and without a ground plane present while the incident power density is kept constant at
10 µW/cm2 (normal angle of incidence). It is only necessary to sweep 180 degrees since all antennas possess 180-degree rotational symmetry for sinusoidal signals due to the oscillation of the
electromagnetic fields. Additionally, the ground plane distance is swept at two perpendicular polarization angles (45 and 135 degrees) to find the optimal distance. These two angles are chosen to match the maximum (135◦ ) and minimum (45◦ ) for one of the resonance modes (≈ 0.75
GHz), which behaves like a dipole. Any polarization-independent modes should exhibit approximately equal performance at both angles. These results are confirmed by calculating σACS as a
function of ground plane distance, frequency, and θ using time-domain plane wave simulations in
CST Microwave Studio. Lastly, the lowest possible ambient power density required to deliver at
least 100 µW of power to a load is determined as a function of θ, since 100 µW is a benchmark
for the minimum amount of power consumption for practical devices [7]. The same definitions
from chapter 2 are used and are repeated below.
Due to the much more complex geometry of this design as compared to the one in chapter 2, an attempt to approximate the current patterns with a simpler antenna geometry is not
made. Instead, the directivity is calculated (refer to Sec. B.5 for how to calculate directivity) by
replacing the load with a power feed in a CST simulation, with lossless materials and the diode
removed from the equivalent circuit in Fig. 3.1c. The effective area is then calculated by Eq.
(3.3) and then η is determined by Eq. (3.4). The capacitance of the diode was adjusted away
from the manufacturer’s specifications to 0.54 pF so that the peak in the effective area matched
the polarization-independent peak in the experimental data.
V2
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=
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Pt G
4πr2

(3.2)

I=

Aef f =
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Figure 3.1: Design of a polarization-independent MPA rectenna. (a) The MPA consists of a SRR
network (front layer) and a ground plane (back layer). The red arrows and the red line shows the
Schottky diodes and the connections to the load, respectively. (b) Unit cell with L1 =10 mm, L2
= 16 mm, g1 = 1 mm, w = 1 mm, g2 = 2 mm. (c) Equivalent circuit model for diodes with parameters pulled from the data sheet. (d) Effective area of the sample as determined by simulations with and without a ground plane present 30 mm behind the SRRs.
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Results and Discussion

Before the ground plane is introduced, the efficiency of the sample behaves as shown in
Fig. 3.3a-c. Both the experimental and simulation results show a strong absorption peak near
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0.75 GHz, that although highly efficient (ηgeo ≈ 230% and Ageo ≈ 58%), does not exhibit polarizationindependence but instead exhibits dipole-like behavior. A broad polarization-independent region ranging from 1.4 - 1.7 GHz (1.6 - 1.8 GHz in σACS simulations) features maximum efficiencies of ≈ 48% for ηgeo , and ≈ 88% for ηef f . Lastly, what appears to be a highly efficient region
emerges from about 1.8 - 2.0 GHz. Although comparable in efficiency to the previous region, it is
more strongly polarization dependent and is not enhanced as well by the ground plane as will be
demonstrated in Fig. 3.4. The broadness of the efficiency regions can be attributed to the multiple current paths of similar lengths that the networked metasurface can support (Fig. 3.2).
The current paths are complex, but it can be observed that for the polarization-independent
region that experimentally occurs near 1.49 GHz, the paths traveled by the current are similar
in length but take different routes for 45 (Fig. 3.2b) and 135 degree (fig. 3.2d) polarizations.
This explains the broader width and polarization-independence of this frequency region. For
the polarization-dependent peaks at 0.75 GHz (Fig. 3.2c) and 1.11 GHz (Fig. 3.2a), the current
tends to be strongest at the corners, with the 0.75 GHz modes resembling a dipole.
Adjusting the ground plane distance allows improved efficiency over a broad range of frequencies by selecting specific paths to be enhanced. When a Fabry-Perot cavity is created by
introducing the ground plane (Fig. 3.3d-f), the 1.4 - 1.7 GHz region is strongly enhanced, particularly when the cavity resonance frequency matches the absorption resonance frequency at a
cavity length of 20 - 40 mm. The presence of the ground plane actually decreases the efficiency of
the absorption peak at 0.75 GHz (due to a small cavity length for this frequency), which would
otherwise be superior, but the efficiency is still fairly large (ηgeo ≈ 140% and ηef f ≈ 37%) when
the ground plane is placed at the optimal distance for the polarization-independent region (30
mm). The efficiency obtained here is higher (ηgeo ≈ 166% and ηef f ≈ 87%) than recent works
found in literature, e.g. 84% (for intensity of 8 µW/cm2 ) [84], 20% (6.2 µW/cm2 ) [60] and 36.8%
(1.6 µW/cm2 ) [21]. However, comparisons between groups should not be taken at face value as
results are often reported at differing frequencies, intensities, and even using different definitions
of efficiency.
Comparisons between results for ηef f (Fig. 3.3a and 3.3d) and ηgeo (Fig. 3.3b and 3.3e)
provide insight into which definition is a better representation of the performance. Note that
although the change in ηef f in the 1.4 - 1.7 GHz region is negligible with the addition of the
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Figure 3.2: Simulated current modes for the polarization-independent design. Large black arrows
help clarify strong trends in the direction of the current and red arrows indicate regions where
circular patterns occur. (a) 1.13 GHz (1.11 GHz experimental) and 45 degree polarization angle (ccw from right horizontal) (b) 1.68 GHz (1.49 GHz exp.) and 45 degrees (c) 0.78 GHz (0.75
GHz exp.) and 135 degrees (d)1.62 GHz (1.49 GHz exp.) and 135 degrees. Note the slight shift in
the absorption frequency of the 1.6 GHz (1.49) peak due to the difference in path lengths.
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Figure 3.3: Polarization angle dependence of the rectenna. Measured ηef f (a), ηphy (b) and simulated σACS (c) for the sample without the ground plane. (d)-(f ): the corresponding efficiencies
and σACS with the ground plane
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ground plane, the amount of power harvested is more than tripled with the addition of the ground
plane as evidenced by the dramatic improvement (from 48% to 166%) in ηgeo . This illustrates
one of the main inadequacies with using Aef f to characterize energy harvesting performance: increasing effective area may cause a minor change in ηef f , but power harvesting capability can
still be greatly enhanced. From here on, only ηgeo values will be reported.
Fig. 3.4 shows the effect that the ground plane distance has on absorption and efficiency
at 45 and 135 degree polarization angles. Of particular note is that the location of the polarizationindependent region shifts as the ground plane is adjusted, demonstrating tunability in addition
to its relatively broad range of absorption frequencies. The shift is caused by the increase of the
propagating phase β = 2πnd/λ when the cavity length, d, increases, which results in a reduction
of the resonance wavelength, λ, to satisfy the phase condition of the meta-cavity resonances [85]

γ = φ(r21 ) + φ(r23 ) + 2βmπ, |m| = 0, 1, 2, 3...

(3.5)

where φ(r21 ) and φ(r23 ) are phases of reflections at the boundaries of SRR array and ground
plane, respectively, and γ is the round-trip phase when the wave travels between two boundaries.
The region around 1.9 GHz can be enhanced with ground plane distances between 1 and 2 cm,
but with lower efficiency (≈ 70 - 110%) than the region near 1.5 GHz (≈ 130 - 170%). Lastly, at
45 degrees, an additional dipole-like absorption peak emerges near 1.1 GHz. This peak reaches
its maximum efficiency (≈ 99%) at a 45 degree polarization angle with a cavity length of 80 mm.
It is experimentally the weakest absorption peak and is not polarization-independent.
Although simulated σACS (Fig. 3.4b and 3.4d) well-predicts the dependence of cavity
length on the measured efficiency (Fig. 3.4a and 3.4c), the resonance peaks are slightly off by
∼ 0.1 GHz. σACS is also not very accurate at determining the relative efficiencies between peaks
for different cavity lengths. Furthermore, for peaks that emerge at higher frequencies, the simulations tend to overestimate the frequency at which they occur. These minor inconsistencies between measurements and simulations are probably because the diode model used for the simulation assumes a constant junction capacitance instead of a frequency-dependent one, like found in
actual diodes. Since the resonance frequency of SRRs depends on the capacitance, the observed
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Figure 3.4: Ground plane distance dependence for polarization-independent MPA. (a) Measured
ηgeo and (b) simulated σACS for 45 degree polarization. (c) and (d): ηgeo and σACS for 135 degree polarization.
peaks are shifted. This is why the capacitance in the diode model was altered from the specification sheet to generate the effective area curves in Fig. 3.1d.
As an additional way of characterizing the performance of the rectenna, particularly for
low-power applications, the minimum incident power density required to deliver 100 µ W to the
load was measured as a function of polarization angle (Fig. 3.5). Without the ground plane,
the polarization-independence is not very good, but the 0.75 GHz peak is at its most efficient
value; being capable of powering a device with only about 1 µW/cm2 of ambient power density
available at a 135 degree polarization angle. With the ground plane at 30 mm, the polarizationindependent region exhibits excellent uniformity, and is capable of powering a device with only
2.5 µW/cm2 for all polarization angles. A comparison between curves reveals that without the
ground plane, the intensity must be from 3-6 times higher, depending on the polarization angle.
The 0.75 GHz peak, while not as efficient with the ground plane present, can still power a device
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Figure 3.5: Minimum power density required to deliver 100 µW to a load. The frequencies were
measured within narrow ranges to compensate for the slight movement of the resonance peaks
with rotation. (a) Without the ground plane. (b) With the ground plane.
with only 2 µW/cm2 at a 135 degree polarization angle. The weaker peak near 1.1 GHz requires
at least 5.0 µW/cm2 and performs slightly better without the ground plane than it does with a
cavity length of 30 mm.
These results can be compared to the design in chapter 2, which is capable of powering a
device at about 0.45 µW/cm2 , but has about four times the physical area and does not possess
polarization independence. Additionally, Table 3.1 compares these results with a couple of groups
that have reported measurements at comparably low intensity for various types of antennas. Estimates were made for some of the values that were not directly reported, and some details are
not known. The device presented here outperforms some of these designs despite its smaller size.
The designs offering superior efficiency are larger in size.
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These results are not always the highest efficiencies reported for each design, because values for power densities >50 µW/cm2 are omitted from this table.
Popović uses the same definition for efficiency as this work, so a more direct comparison can be made. It is more difficult to compare with Kuhn, because it
is unclear how they determined their antenna size for purposes of measuring efficiency. Additionally, Kuhn’s antenna is designed to harvest from up to four
frequencies simultaneously and so the performance will be better out in the field than is suggested by its efficiency value

The area of the antenna is 100 cm2 , but a larger ground plane of unreported area is also included in the design
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×

Table 3.1: Efficiency comparison between polarization-independent design and work done by other groups

3.4

Summary

In summary, a multi-resonant RF energy harvesting rectenna based on a metamaterial
perfect absorber possessing large effective area with respect to its physical size and exhibiting efficiencies exceeding 100% has been presented. It possesses an absorption peak for linear polarizations at 0.75 GHz with efficiencies around 230% at 10 µW/cm2 and 130% at 1 µW/cm2 , and also
features a broader polarization-independent region at 1.4 - 1.7 GHz (with 167% and 36% maximum efficiencies at those same respective power densities) for which the absorption frequency
can be modestly tuned by adjusting the distance between the ground plane and the rectenna.
The power harvested in this region is improved by over a factor of three with the addition of the
ground plane. Under ideal conditions, 100 µ W of harvested power could be delivered to a device with only 1 µW/cm2 of available power density for the linear mode, and 2.5 µW/cm2 for the
polarization-independent mode. These power densities can be found within 50 m of cell-phone
base stations.
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Chapter 4

FABRY-PEROT CAVITY ENERGY HARVESTING

4.1

Introduction

Previous attempts at using metamaterials for energy harvesting have taken the approach
of installing the rectifying circuitry directly into the resonating structures composing the metamaterial, whether by restricting the circuity entirely to the surface of the metamaterial, as done
by the work in Ch. 2 and 3 and also in [21, 22, 53], or by inserting the rectifying circuitry between
the surface and the ground plane [86]. Although these approaches work, they have considerable
drawbacks in that the additional capacitance and loading of the rectifying circuitry substantially
alters the resonance behavior of the underlying perfect absorber by shifting the resonance frequency and possibly reducing the absorption. Furthermore, integrating the output from the rectifying circuitry of multiple unit cells is usually not straightforward and requires electrical connections between the cells. This is further complicated by the complexities of obtaining accurate
diode models that predict the correct frequency and power dependencies that would allow for
accurate simulation results. The combination of these issues makes it difficult to design a metamaterial rectenna that will behave precisely as indicated by computer simulations.
As an alternative approach, an energy harvesting rectenna can be inserted into the cavity of a metamaterial perfect absorber (MPA). The cavity stores energy at certain frequencies
in the form of electric field standing wave patterns. These field patterns can be determined by
computer simulation, such as with CST Microwave Studio. The rectenna placed inside the cavity
can be designed separately to match the electric field pattern produced within the cavity. This is
the combination of an MPA with a resonant cavity antenna [87] that has been adapted for lowpower energy harvesting and signal detection. This approach has tremendous advantages for ease
of design, customizability, and maximization of absorption. This is because integrating a perfect
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absorber and a rectenna in this manner will cause minimal perturbation in the behavior of its
components, and so the metamaterial and the rectenna can both be expected to behave as designed. The scalability of metamaterials allows the frequency to be tuned and a broad range of
design specifications can be obtained by incorporating new resonating structures and/or rectenna
designs to accommodate specific polarization, frequency, and/or bandwidth requirements, etc. It
will also be demonstrated that considerable improvement in the energy harvesting performance
of a simple dipole rectenna can occur using this method, particularly with low signal intensity.
Furthermore, this technique is applicable beyond energy harvesting and can be implemented for
conventional antennas to enhance their detection performance.

4.2

Methods

A metamaterial perfect absorber (MPA), which is composed of a surface array of resonating structures on a thin substrate along with a conducting plate (ground plane) of identical area
placed parallel to the metasurface, is designed using CST Microwave Studio and manufactured
from PCB using the same photolithography/etching procedure as in Sec. A.1. A hollow cavity is
formed between the metasurface and the ground plane (Fig. 4.1). The conventional approach to
evaluating absorption performance by simulation is to employ unit cell boundary conditions and
determine the absorption via calculation of the transmission and reflection coefficients. However,
caution must be exercised when using unit cell boundary conditions in instances where the number of unit cells is small, as ignoring the effects at the boundaries of a finite material can produce
misleading results (refer to Sec. B.3). In RF designs, the number of unit cells will typically be
limited since the wavelength is on the order of tens of centimeters, and inclusion of a large number of unit cells would lead to materials of prohibitively large areas. For the design presented in
this work, the unit cell approach erroneously predicted no absorption peaks below 2.0 GHz. A
more accurate approach in such cases is to instead use broadband farfield monitors to measure
the absorption cross section (ACS), which is defined as the power absorbed in the MPA divided
by the incident intensity.
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Figure 4.1: Specifications of the metamaterial cavity (CSRR version). L1 = 10 mm, L2 = 16
mm, L3 = 154 mm, L4 = 120 mm, g1 = 1 mm, g2 = 2 mm, w = 1 mm. A rudimentary dipole
rectenna is placed between the metasurface and the ground plane to probe the cavity. The placement of a Schottky diode is indicated by the red triangle. A load is connected across the terminals
of the rectenna for harvesting energy
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By dividing the ACS by the physical area, Ageo , of the MPA, the normalized-ACS (NACS)
is obtained, which is a measure of the power absorbed by the MPA compared to the power incident upon it (Eq. 4.1). Results greater than 1 indicate strong absorption. The value can be
larger than one because the metamaterial behaves like an antenna due to its metal components,
and finite-sized non-aperture antennas can have an effective area larger than their physical area.

N ACS =

ACS
Ageo

(4.1)

The size and shape parameters of the resonating structures and the distance between the
ground plane and the metasurface are adjusted until strong absorption is attained at the desired
frequency. A resonance from ∼ 1 - 2 GHz was sought to accomodate the range of the measurement system. Once an absorption frequency has been found, electric field monitors can be used
to determine the field pattern contained within the cavity. Antennas and other detectors can be
designed to match the electric field lines within the cavity to obtain maximal response. Both a
complementary split-ring resonator (CSRR) [88] surface and a conventional SRR surface of the
design shown in Fig. 4.1 were evaluated.
To experimentally test the behavior of the cavity, a swept-frequency signal is amplified
and transmitted by a horn antenna to produce known incident intensity, I, on the cavity using
the setup described in Sec. A.2. A rudimentary dipole rectenna was used to probe the inside of
the cavity and experimentally verify the electrical field enhancement and pattern. The size of the
cavity and the position of the dipole rectenna within the cavity were adjusted to produce optimal
energy harvesting. The dipole rectenna is connected to a 250 Ohm resistor representing a device
to which power would be delivered to. The DC power delivered to the load is calculated from the
well-known PLoad = V 2 /RLoad . From, this we can calculate the energy harvesting efficiency, defined as the ratio of the power delivered to the load to the power incident on the physical area
of the metamaterial (Eq. 4.2). Note that the physical area definition for η is being used here instead of the effective area definition for ease of measurement.
V2

ηgeo

PLoad
RLoad
=
× 100% =
× 100%
PI
I × Ageo
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(4.2)

The efficiency of the dipole rectenna is measured under four conditions: 1. By itself. 2.
With the ground plane placed at the same distance behind the rectenna as for an optimal cavity.
3. With the rectenna placed at the center within the optimally-sized cavity. 4. With the rectenna
placed towards the side of the optimal cavity. The reasoning behind the positions for 3 and 4 will
become apparent later upon examination of the electric field lines in Fig. 4.3. For convenient reference, the physical area of the metasurface (256 cm2 ) will be used to calculate η for each geometry, since using the physical area of the dipole rectenna for the bare measurement would lead to
a misleadingly high efficiency despite much power not actually being harvested. This helps make
the comparisons between geometries easy to interpret, since if the efficiency is double at a given
intensity, the amount of power harvested is also double.

4.3

Results

The NACS for both the SRR cavity and the CSRR cavity are shown with optimal cavity
lengths for each in Fig. 4.2. The CSRR cavity offers several advantages: 1. It is multi-resonant.
2. It has stronger absorption. 3. It allows for lower-frequency peaks, which would normally necessitate a larger antenna. 4. Its lower optimum cavity length makes it slightly more compact.
5. Its field lines are more tractable for harvesting energy from. These features make the CSRR
cavity clearly superior for energy harvesting.
The peak located at 0.37 GHz should have the best potential for harvesting energy, but
unfortunately it lies outside the range that the experimental setup can measure. However, there
is a region between 0.8 and 1.4 GHz containing three sharp peaks at 0.85 GHz, 1.19 GHz, and
1.35 GHz as well as a broader but weaker peak near 1.02 GHz. The electric field patterns for
each of these peaks are shown in Fig. 4.3. In general, the electric field is stronger near the metasurface than it is near the ground plane and as indicated by the side views, the electric field tends
to have its strongest components oriented perpendicular to the ground plane and metasurface.
Suitable regions for placing the dipole rectenna such that it aligns with the electric field lines are
indicated in the figure. The best position is in the center where the field lines are aligned at each
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Figure 4.2: Comparison of absorption spectra of conventional SRR cavity and CSRR cavity. The
cavity length is 50 mm for the SRR cavity and 35 mm for the CSRR cavity
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Figure 4.3: Front and side views of the electric field patterns for each of the absorption peaks of
the CSRR cavity. The color bar indicates the relative field strength. The dipole rectenna is placed
at positions 1 or 2, which are indicated in the figure. The incident wave is normal to the front
surface and has vertical polarization, with magnitude indicated by the black triangle on the color
bar. In the side views, the metasurface is on the left side, and the ground plane is on the right
absorption frequency (position 1). Additionally, the field lines near the sides are aligned for the
1.02, 1.19, and 1.35 GHz peaks, suggesting another place to put the dipole rectenna (position 2).
Figure 4.4 shows the field pattern within the SRR cavity at its maximum absorption frequency (1.54 GHz). Notice that unlike with the CSRR cavity, there are no long columns where
the field lines are oriented in the same direction, as would be ideal for a long dipole (a shorter
dipole could be used instead). It shares a few similarities with the CSRR cavity in that the stronger
field components are near the surface and also perpendicular to it.
After probing the CSRR cavity to find the optimum size for energy harvesting, it is determined that maximum harvesting occurs when the dipole rectenna is placed close to the metasurface (5 mm) and with the ground plane placed 40 mm behind the rectenna. The efficiencies un-
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Figure 4.4: Front and side views of the electric field pattern for the 1.54 GHz peak of the SRR
cavity. The color bar indicates the field strength inside the cavity (incident field strength is 15
V/m). The incident wave is normal to the front surface and has vertical polarization. In the side
view, the metasurface is on the left side, and the ground plane is on the right
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Figure 4.5: Measured efficiency of the dipole rectenna under various configurations. (a) 10
µW/cm2 intensity (b) 35 nW/cm2 intensity

Figure 4.6: Enhancement of a 95 mm long dipole rectenna in the SRR cavity with 10 µW/cm2
intensity. Curves for the bare dipole and with a ground plane are included for reference.
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der the four different geometries are presented in Fig. 4.5. Additionally, results for the SRR cavity are shown in Fig. 4.6. For the CSRR cavity, the optimal geometry is with the dipole rectenna
placed at the center (position 1 in Fig. 4.3), which results in two strong absorption peaks at 0.83
(62%) and 0.97 (72%). This is a big improvement over the best efficiency with only the ground
plane (39% at 1.16 GHz) and an even larger improvement over the bare rectenna (15% at 1.12
GHz). The maximum value attained with the rectenna placed at position 2 within the cavity is
comparable to that obtained with just the ground plane (41% at 1.0 GHz). Note that with the
dipole at position 2, there is no peak observed near 0.83 GHz. This is expected, as a glance at
Fig. 4.3a shows that the field lines are only aligned in the middle and so harvesting at position 2
will not be as effective at this frequency. At low intensity (Fig. 4.5b) the advantages of using the
cavity become even more pronounced, although the efficiency is much smaller in all cases.
The SRR cavity enhances the dipole, but less so than with the just the ground plane
(Fig. 4.6). The maximum absorption should occur near 1.54 GHz as indicated by the ACs, but
near-zero absorption occurs instead. This is due to the opposing directions of the field lines within
the cavity at this frequency (Fig. 4.4), which induce offsetting electrical currents in the dipole
that do not produce any net current through the diode.

4.4

Discussion

The improvement in efficiency when using the CSRR cavity shows that the enhancement
can not be attributed to the ground plane alone (a common technique for antenna enhancement)
and that the inclusion of the metasurface makes a significant contribution by trapping energy
within the cavity. Of particular importance is the enhancement at low intensity (Fig. 4.5b). At
low intensity, the rectenna in the cavity was able to capture more than 4 times as much maximum power than with the ground plane alone, and more than 18 times as much maximum power
as the bare rectenna. The dramatic boost is mostly due to the necessity of inducing a voltage
large enough to activate the Schottky diode, which is the primary obstacle to efficient low-power
energy harvesting. As diodes are often used for signal detection, this result indicates that metamaterial cavities can also be used to improve low-power signal detection.
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It should be noted that the efficiency curves (Fig. 4.5) should not exactly match the NACS
(Fig. 4.2). As the frequency changes, the changing field line patterns affect the amount of energy
available to be harvested because of the direction and strength of the fields along the orientation of the dipole rectenna. Additionally, the dipole rectenna has its own resonance frequency
and range for which it will harvest effectively. As such, the amount of energy harvested depends
on 3 factors: 1. The amount of energy stored in the electric fields within the cavity at a given
frequency, as indicated by the ACS. 2. The geometric match between the electric field lines and
the radiation pattern of the dipole rectenna. 3. The inherent efficiency spectrum of the harvesting rectenna. This is demonstrated by the observation that the most effective peak for energy
harvesting with the dipole is located at 1.02 GHz, where the absorption according to the NACS
(Fig. 4.2) should be relatively weak, but the shape and magnitude of the field lines is more favorable to the dipole rectenna due to the stronger fields aligned near the metasurface (Fig. 4.3b) as
compared to the other peaks.
Although the CSRR cavity enhances the maximum energy harvesting ability of the dipole
rectenna considerably, there is even greater potential for improved energy harvesting via this
method by making more efficient use of the field lines. Other types of rectennas that make better
use of the field patterns within the cavity can be more successful at capturing energy from the
more strongly resonant peaks. In particular, there are clear circular field patterns present within
the cavity at 1.35 GHz (Fig. 4.3d) which did not result in strong energy harvesting with the
dipole rectenna, but could perhaps be effective at delivering power to a loop antenna shaped to
match the contours of the field lines. Furthermore, the strong absorption at the 0.37 GHz peak
(which we were unable to test) suggests that a larger amount of energy than what we measured
can be stored within the cavity for harvesting.
The SRR cavity is much less useful for RF energy harvesting. Its field lines change directions much more quickly and thus make it difficult to harvest energy using dipole rectennas
(although shorter length dipoles may be more effective). Additionally, the ACS indicates that the
absorption within the cavity is less strong and thus less energy is available to be harvested. It
should be noted that this is only one case of SRR cavity harvesting and so other designs of SRR
cavities may prove to be more viable than their CSRR counterparts.
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One approach to optimizing the match between the rectenna and the cavity (which our
group is currently investigating) is to create a patch style rectenna that will take advantage of
the field components perpendicular to the metasurface. These were typically the strongest field
components found within the cavity, particularly at 0.85 GHz. Another approach is to implement an antenna array within the cavity that positions antennas at all the “hot spots” within the
cavity. This approach was tested, but so far has produced limited success owing to the reduced
field enhancement at the side positions as compared to the enhancement produced at the center.
Different types of antennas or the implementation of a surface that produces a more favorable
distribution of hot spots may make this approach more successful.
An additional advantage of metamaterial cavity enhancement is that it can be used to allow an electrically large antenna to be replaced by a smaller one. Consider the peak at 0.37 GHz,
with a corresponding wavelength of about 81 cm. A dipole antenna that resonates at this frequency would need to be about 40 cm long. However, this is almost 3 times as long as one side
of the metasurface used to make the cavity (15.4 cm). Thus, a shorter antenna that would otherwise not be very efficient at 0.37 GHz could be placed within the cavity as an alternative to a
longer antenna.

4.5

Conclusion

It has been demonstrated that a metamaterial perfect absorber can be used to shape and
enhance electric fields within its cavity. The energy stored in the fields within the cavity can
be harvested by placing a rectenna possessing a radiation pattern that matches the field lines
within the cavity. The improvement in energy harvesting capability is especially pronounced at
low intensity, where capturing enough power to overcome the diode activation voltage is essential.
This also suggests that metamaterial perfect absorber cavities can be used to improve low-power
signal detection. Lastly, the cavity can be used to replace an electrically large antenna with a
smaller one by creating resonance at lower frequencies.
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Chapter 5

INFRARED PHOTODETECTOR RESPONSIVITY ENHANCEMENT

5.1

Introduction

Metamaterials can be implemented in the THz regime to aid in photodetection. One
method is by incorporating an array of plasmonic structures into a photodetector. By means of
computer simulation, the integration of different plasmonic architectures into DWELL (quantum
dot-in-a-well) detectors was investigated for improving photodetector enhancement and making
comparisons between plasmonic structures. Nine variations of the DWELL IR photodetector are
investigated. Three of these are base designs: the front-side illuminated IR detector (FSD), the
back-side illuminated IR detector (BSD), and the back-side illuminated IR detector with a gold
(Au) ground plane (BSD:AGP). The other six are created by integrating either a gold disk-array
(ADA) or a gold hole-array (AHA) onto each of the three base designs. These structure combinations are abbreviated as FSD:ADA, BSD:AHA, BSD:AGP:ADA, etc. The DWELL detector and
ADA/AGP/AHA structures could be manufactured using nanofabrication techniques similar to
those found in [69, 89].

5.2

Methods

A finite integration technique for 3D full field simulations performed using CST Microwave
Studio was used to evaluate the performance of each configuration. A single element DWELL
device (Fig. 5.1) is analyzed with an incident TEM wave produced by using appropriate perfect electric/magnetic boundary conditions. Empirical data is used to create 2nd order dispersion models of  for the n+ GaAs semiconductor material of the top and bottom layers and for
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the active layer (Fig. 5.1a and 5.1b). Additionally,  in the active layer is anisotropic due to its
DWELL makeup, and consequently the imaginary component of  is much larger along the direction of propagation.
The spectral responsivity R(λ) of DWELL devices can be calculated using Eq. (5.1) [70],
where the internal quantum efficiency ηIQE is assumed to be 1, N0 (λ) is the incident photon flux,
PBB (λ, T ) is the power radiated by a blackbody of a given temperature per unit area per unit
wavelength (determined from Planck’s law), and AEA is the power absorbed in the active layer
00

as determined by Eq. (5.2). Eq. (5.2) is derived by assuming a complex dielectric constant (EA )
in Poynting’s theorem and considering only dielectric loss [70]. Losses in the contact layers can
be calculated analogously, but only the active layer contributes to the responsivity. The stronger
effect to create photo-induced current in detector for an electric field component perpendicular
to the surface [90] is accounted for by the parameter, ξ, which is estimated to be ∼ 8. However,
the perpendicular component, Ez , will not exist without the excitations of SPP (surface plasmon
polaritons) or LSP (localized surface plasmons) for normally incident light.

R(λ) =

Z
AEA =

ηIQE · N0 (λ) · e−
· AEA
PBB (λ, T )

(5.1)

00

x (λ)|2 + ξ|E z (λ)|2 ]
ωEA (λ)[|EEA
EA
dVEA
2

(5.2)

The Drude model is applied to the gold plasmonic structures and ground plane (when
present). The responsivities for the hole and disk arrays have been optimized with respect to
their period p and diameter d. Lastly, the responsivity dependence on the plasmonic layer thickness, tAu , is examined. The performance of the plasmonic structures will be compared by defining the enhancement for a given base detector (FSD, BSD or BSD:AGP) as the ratio of the responsivity with a given plasmonic structure to the responsivity without it. This will allow determination of the best plasmonic structure to be used for given parameters.
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Figure 5.1: Design and responsivity of the DWELL detector. (a) Composition of DWELL detector layers. (b) Schematic of an FSD cell. The hole in the top is an aperture for the entry of
photons and is distinct from gold hole-array plasmonic structures. (c) Experimental data for the
responsivity of the FSD expressed in arbitrary units. (d) Power density spectrum and spectral
current density radiating from the blackbody at 900K. (e) Power absorbed in each layer of FSD.
Substrate loss is negligible. (f ) Simulated spectral responsivity of the FSD. Comparison with experimental data is shown in the inset
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5.3

Results

The design and composition of the FSD is displayed in Fig. 5.1a and 5.1b. The FSD is
designed to detect photons in the 4 - 12 µm range, with peaks located near 6.5 and 10 µm. Note
that the 10 µm peak resides in the long-wave infrared atmospheric window. This spectral response was measured using a Fourier transform infrared spectrometer (FTIR) (Fig. 5.1c), which
was used for our simulation to calculate the imaginary part of the refractive index for the active
layer (k = ηQE · Rs , where ηQE is the measured external quantum efficiency and Rs is obtained
by normalizing the measured spectral response between 0 and 1). Figure 5.1e shows calculated
absorption in each layer of the FSD by Eq. (5.2) and indicates that most of the absorption occurs in the active layer at ∼ 6.5 µm and in the bottom contact layer at ∼ 10 µm. Multiplying
the absorption in the active layer by the responsivity (when using the photodetector with 100%
absorption and illuminated by a blackbody at 900K in the 4 - 12 µm range) in the parenthesis as
shown in Eq. (5.1) yields the simulated detector responsivity as shown in Fig. 5.1f, which is in
excellent agreement with the experimental results as shown in the inset.
Fig. 5.2 indicates the simulated responsivities of the BSD and BSD:AGP designs. In the
actual detector devices, e.g. focal plan array (FPA), the AGP serves as the contacts that connect
to the read-out circuit (ROIC) via indium bumps [69]. Like with the FSD, most of the absorption occurs in the active layer. For the main absorption peaks of the active layer at 6.25 µ wavelength (Fig. 5.2 and 5.2g), the design with AGP increases the absorption by a factor of 5 (from
∼ 0.01 to ∼ 0.05). Correspondingly, the responsivity (Fig. 5.2e and 5.2h) increases by ∼ 5 (∼
0.06 A/W to ∼ 0.29 A/W). As indicated by the responsivity, the BSD:AGP configuration has
the best detector performance and is used as a basis of comparison for the other designs.
In the following, we study the improvement of device performance due to SPP and LSP.
We choose two widely used plasmonic structures, ADA and AHA, to excite the LSP and SPP,
respectively. To integrate these plasmonic structures into actual devices, e.g. FPA, we also considered structures with AGP. Four BSD structures (ADA, ADA:AGP, AHA and AHA:AGP) are
schematically shown in Fig. 5.3, where AHA and ADA are embedded into the top contact layer.
In the case of AGP designs, the array structures (ADA and AHA) are placed in contact with the
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Figure 5.2: The back-side illuminated detector. (a) Profiles of physical BSD and (b) BSD:AGP
designs. Simplified versions used for simulation are shown in (c) and (f ) with their corresponding
absorptions (d),(g) and responsivities (e),(h).
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Figure 5.3: Comparisons between DWELL detector designs.(a) Responsivities for the FSD, BSD
(left-hand scale), and BSD:AGP (right-hand scale) designs. (b) Optimal period, p, and diameter,
d, for the plasmonic structures. (c) Responsivity of the four type of plasmonic structures: ADA,
ADA:AGP, AHA, AHA:AGP as shown in schematics on the right-side. (d)-(f ) Enhancement of
four configurations with respect to FSD, BSD and BSD:AGP, respectively. The Au ground plane
thickness is 0.2 µm and the plasmonic structure layer thickness is 0.1 µm for all plots.
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AGP. We replot the responsivity for FSD, BSD and BSD:AGP in Fig. 5.3a and use them as references in Fig. 5.3d - 5.3f to compare the enhancement due to four plasmonic structures. The
optimum values for the diameter and period of the arrays of plasmonic structures are tabulated
in Fig. 5.3b and responsivities using those parameters for the corresponding structures are plotted in Fig. 5.3c. The AHA design exhibits highest responsivity with peak value of 2.2 A/W in
comparison to ADA design with peak value of 1.0 A/W. We attribute the better performance
of AHA to strong electric field Ez of SPP which extended more into the active layer compared
to that of LSP in ADA, due to much smaller decay length of LSP than SPP along z-direction.
With the AGP directly attached to AHA and ADA, the responsivities are decreased, especially
for AHA. Enhancement factors for each base detector type are plotted in Fig. 5.3d - 5.3f, where
we found both AHA and ADA effectively improves the performance for all three types of devices,
however, the enhancement resulting from AHA decreases significantly when AGP is added.
To improve the performance of AGP designs, we increase the thickness of plasmonic structures. As shown in Fig. 5.4a and 5.4b, when the thickness increases, the responsivity for AHA
and ADA increases by a minor amount. However, responsivity for the ADA:AGP design increases
significantly (Fig. 5.4c). For tAu = 0.2 µm, at the peak wavelength of 6.19 µm, the responsivity
of ADA:AGP reaches 3.95 A/W, which is higher than peak values of ADA (1.10 A/W) and AHA
(2.95 A/W) designs. The trend of increasing responsivity for ADA:AHA indicates stronger LSP
resonance when tAu increases. In particular, the most notable change occurs when tAu increases
from 0.1 µm to 0.15 µm, where the responsivity increases from 0.80 A/W to 2.67 A/W, indicating that LSP resonance requires enough thickness (> 0.1 µm) of metal to establish when ADA
is attached to AGP. Fig. 5.4d shows that the improvement of responsivity of AHA:AGP design
as tAu increases are very limited. As indicated in Fig. 5.4e to 5.4g, the enhancements of overall
device performance (ODP, calculated by integrating responsivity over entire wavelength range
shown in Fig. 5.4a - 5.4d) for all four designs as function of tAu increases as tAu increases, which
is consistent with the trend of responsivity shown in Fig. 5.4a to 5.4d. Among all designs, the
ADA:AGP shows the most dramatic increase from the lowest at tAu = 0.025 µm to the best at
tAu = 0.2 µm. Of the three base detector designs, the BSD:AGP has superior performance and
is most commonly used for applications (e.g. IR imagery), and thus is the most important. The
BSD:AGP responsivity is dramatically enhanced by nearly a factor of 8 with the inclusion of a
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Figure 5.4: DWELL detector performance dependence on thickness of plasmonic structure layer.
(a)-(d) Responsivities for each plasmonic structure type on as the thickness, tAu , of the plasmonic
structure layer is adjusted. (e)-(g) Corresponding enhancements of four configurations (ADA,
AHA, ADA:AGP, AHA:AGP) using BSD, FSD and BSD:AGP base devices as references, respectively.
0.1 µm thick layer of AHA structures. If a thicker layer is acceptable, then the enhancement can
improve to a factor of 15 at 0.2 µm by using the ADA:AGP configuration instead. Although the
enhancement factor is greater for the FSD and BSD designs, their overall performance is still inferior to the BSD:AGP. The enhancement factors for the FSD and BSD detectors compare favorably with experimental data presented by [91] and [92], suggesting that the simulated results for
the BSD:AGP are also of good quality.

5.4

Summary

DWELL infrared photodetectors can be enhanced by integrating a layer of plasmonic
structures. Of the configurations investigated, we found the BSD:AHA configuration was best for
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layers up to about 0.1 µm (×37 using BSD as reference; ×8 using BSD:AGP as reference), but
the ADA:AGP configuration was better for greater thicknesses of ADA (×4 for 0.1 µm; ×15 for
0.2 µm). Optimizing the plasmonic structures and understanding the underlying mechanism by
means of a simulation may offer the possibility to step forward to the next generation of infrared
detectors associated with local field engineering.
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Chapter 6

CONCLUSION AND FUTURE DIRECTIONS

6.1

Summary

Metamaterials, which allow for the customization of optical properties, such as , µ, and
index of refraction, have been demonstrated to be a means of enhancing both RF energy harvesting and infrared photodetection. In the case of RF energy harvesting, metamaterial perfect
absorber based designs can harvest power efficiently at low intensity while being electrically small
in size. Furthermore, designs can be scaled to accommodate a broad range of possible frequencies
from sources of electromagnetic waves and also to operate at most parts of the electromagnetic
spectrum. Through the choice of appropriate metamaterial structures, designs can also exhibit
broadband and polarization-independent properties. The responsivity of infrared DWELL (quantum dot-in-a-well) photodetectors, which have the potential to be cheaper, more compact, and
possess a lower operating temperature than mercury cadmium telluride detectors, can be enhanced by an array of integrated disc structures. These plasmonic structures enable excitation
of surface plasmon polariton waves with electric field intensity greater than the incident field, and
are more readily absorbed by the excitation of DWELL electrons.
Experimental results for two styles of RF energy harvesting using metamaterial perfect
absorbers have been presented. The first method involves incorporating the diodes directly into
the surface of the metamaterial (Ch. 2 and 3). This method enables very high efficiency (values > 100% as determined using the physical area of the sample), and a compact polarizationindependent design was produced (Ch. 3). Furthermore, the designs presented were capable of
harvesting enough energy to power simple electronic devices (∼ 100 µW) for intensities ∼ 1 µW/cm2 .
The second method is by designing a metamaterial perfect absorber cavity and a matching energy harvesting rectenna separately, and then placing the rectenna inside the cavity (Ch. 4). Pre58

liminarily, less power is harvested using the second method instead of the first method, but the
second method offers advantages in ease of design, customizability, and resonance-shifting capability. Although comparisons of experimental results between groups should not be taken at face
value due to differences in intensity, frequency, and definitions of efficiency, the energy harvesting
results obtained by the first method appear to be at least comparable, and perhaps even superior, to contemporary designs using other methods.
Additionally, two novel methods for characterizing the performance of RF energy harvesting devices by finite integration time domain simulations with CST Microwave Studio were
presented. The first method is the calculation of the absorption cross section via far field monitors and the use of an appropriate equivalent circuit model for the Schottky diodes to estimate
resonance peak frequencies and qualities of absorption response (Ch. 2). The absorption cross
section should not be used for precise numerical values, but instead as a guide for estimating performance. The second method is for calculating the effective area of rectennas (Ch. 3), which is
difficult because of the nonlinear nature of the diodes, to determine the efficiency of the rectennas. First, the diodes are replaced with a diode-less equivalent circuit model so that the reciprocity theorem can be applied. All ohmic losses are removed from the material so that the sample’s effective area is as large as possible. The load is then replaced with a discrete port so that
the sample is operating in transmitting mode. Then, the transmitting directivity can be calculated using farfield monitors. By the reciprocity theorem, the receiving directivity is identical to
the transmitting directivity, and the effective area and efficiency can be calculated from it.
Lastly, a method was presented for designing and integrating sub-wavelength plasmonic
structures in a DWELL photodector using CST Microwave Studio simulations (Ch. 5). Responsivity enhancements between 8 and 15 (depending on plasmonic structure layer thickness) were
achieved using an array of disc structures.

6.2

Direction of Future Research

The wide range of possible structures available for use in metamaterials open the possibility for increased performance and customization of the materials to meet design specifications
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(frequency, directionality, bandwidth, polarization, etc.) for numerous detection and energy harvesting situations. A number of structures are found in the literature including, but not limited
to: spirals, electric-ring resonators, crosses, discs, split-ring resonators, and corresponding complementary versions of each.
For the planar metasurfaces presented in Chapters 2 and 3, the main restrictions are being limited to designs featuring electrical contact between the structures, and incorporation of a
diode in each of a potentially large number of unit cells. The designs are by no means restricted
to planar geometry, as advancements in 3D printing technology enable the surface to be adapted
to fit cylindrical (Fig. 6.1), spherical, or other geometries, should it be advantageous to do so.
Additionally, there is the possibility of improving rectification by means of tunnel diodes. Another possibility is testing whether it would be beneficial to include a rechargeable battery in the
designs that could provide a forward bias voltage to the diodes that is just under their activation
voltage. This would make the diodes much easier to activate at low power, and thus improve efficiency, but for this to work the additional amount of energy harvested would need to be greater
than the energy discharged by the battery.
The Fabry-Perot cavity style energy harvesting device presented in Ch. 4 has fewer restrictions in design specifications, as the unit cells would no longer need to be electrically connected, nor would they require diodes (and possibly impedance matching circuits) be inserted in
each of the unit cells. Preliminary results have indicated that this type of harvester can be made
especially compact, as it’s possible to construct a functioning cavity using only a single unit cell
(Fig. 6.2). The greatest potential for improvement comes in finding a better field match between
the cavity and the energy harvesting rectenna than was observed using a dipole rectenna. Patchstyle rectennas that could take advantage of the strong electric field components normal to the
metasurface appear to be ideal candidates.
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Figure 6.1: Adaptation of RF energy harvesting metasurfaces to cylindrical geometry
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Figure 6.2: Single-cell energy harvesting cavity. (a) Complementary split-ring resonator structure, approximately 6 cm by 6 cm. (b) Rectenna, which is placed inside the cavity. (c) Normalized absorption cross section of the cavity. (d) Comparison in efficiency between the rectenna by
itself and when placed in the cavity.
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Appendix A

EXPERIMENTAL METHODS

This appendix contains detailed explanations of manufacturing metamaterial samples and
rectennas and of the experimental techniques used to evaluate RF energy harvesting performance
for the experiments presented in Ch. 2, 3, and 4.

A.1

Manufacturing Samples

The metamaterial samples and dipole rectennas are fabricated using photolithography
and chemical etching. First, a mask that outlines the copper structures is designed using EAGLE software, which is then printed out on a transparency sheet. The mask is placed on top of
copper-plated printed circuit board (PCB) composed of FR4 substrate ( ≈ 4.3). The masked
PCB is exposed to an ultraviolet lamp for 15 minutes. The mask is removed and the sample is
washed with a diluted developer solution that removes unmasked photoresist and then the sample is bathed in ferric chloride until all the excess copper is removed. Lastly, Skyworks SMS7630-079LF Schottky diodes and wire leads are soldered on.

A.2

Experimental Setup

A signal generator (Agilent N5181AEP) produces a sinusoidal RF signal and sweeps both
frequency and output power with frequencies ranging from 0.7-2.0 GHz. The signal is sent to an
amplifier (Mini-circuit ZHL-30W-252+) which increases the signal strength by about 45 dB (depending on the frequency). The amplifier can be omitted, in which case the frequency may go up
to 3.0 GHz. A small fraction of the amplified signal is extracted with a coupler, and then mea73
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Figure A.1: Schematic of experimental setup. A sine wave of a selected frequency is sent to an
amplifier that increases the power by about 45 dB (the amount of amplification is frequency dependent). A coupler allows a signal analyzer to determine the amount of output power after amplification. The amplified signal is sent to a horn antenna that transmits to the sample rectenna.
A multimeter measures the voltage across the load, represented by a decade resistor box, to determine the power delivered to it.
sured with a signal analyzer (Agilent N9020A) to determine the strength of the amplified signal.
The amplified signal is transmitted by a horn antenna at normal incidence to the rectenna sample, which is located a specified distance from the transmitting antenna. For the original design
described in Ch. 2, the experiment took place in an anechoic chamber where an SAS-570 horn
antenna was used to transmit a signal to the sample which was located about 380 cm away. The
anechoic chamber isolates the rectenna sample from multi-path interference and outside signals
to produce better data. The experiments described in Ch. 3 and 4 took place in the lab using
an SAS-571 horn antenna to transmit over a distance of 1 meter. Fig. A.1 illustrates the experimental setup used to measure the efficiency of the rectenna. All instruments are controlled by a
LabVIEW program and the measurement is automated to sweep both the power and frequency
of an incident RF wave.

A.3

Measuring Antenna Gain

The gain, which is a measure of the directional properties of an antenna (refer to Ch. B.5
for details), of the transmitting antennas used in the experiments needed to be determined to
calculate the intensity at the location of the sample. Balanis’ Antenna Theory [82] outlines pro74

cedures for determining the gain of an unknown antenna. The methods involve making measurements of the power transmitted between two antennas with a vector network analyzer (VNA)
and then using the Friis transmission equation (Eq. A.1) to calculate the gain, where Pt is power
delivered to the transmitting antenna, Pr is the power collected by the receiving antenna, R is
the distance between the two antennas, Gt is the gain of the transmitting antenna, and Gr is the
gain of the receiving antenna. Often the power loss due to the reflection between the antenna
and the feed cable is implicitly factored into the gain value, particularly when the antenna will
always be connected to cables of a specified characteristic impedance, i.e. 50 Ω. Should the reflection coefficient, Γ, need to be explicitly considered then G should be replaced by (1 − |Γ|2 )G
for each antenna. If an antenna identical to the unknown antenna is available, then the gain can
be determined using the two-antenna method. Otherwise, the gain can be calculated using two
other arbitrary antennas via the three-antenna method. Refer to Sec. A.3.1 and A.3.2 for details.
Gain measurements were performed for both the SAS-570 horn antenna used in Ch. 2 and the
SAS-571 horn antenna used for the experiments in Ch. 3 and 4. The three-antenna technique
was applied to measure the SAS-570 antenna, while the two-antenna technique was applied to
the SAS-571 antenna. Results are shown in Fig. A.2. Calibration data provided by the manufacturer for the SAS-571 antenna is shown and indicates that the results are in reasonable agreement with the expected performance of the antenna.
Pr
=
Pt

A.3.1



λ
4πR

2
Gt Gr

(A.1)

Two-Antenna Method

For two identical antennas, the gain (and reflection coefficients) are assumed to be identical.

Pr
Pt

is determined from a VNA measurement of S21 (transmitting antenna is port 1 and

receiving antenna is port 2) and is just |S21 |2 . Eq. A.1 then becomes Eq. A.2, which is easily
solved for G.
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Figure A.2: Plots of gain measurements. (a) SAS-570 horn antenna. (b) SAS-571 horn antenna.
Calibration data provided by the manufacturer is shown by the red boxes. The agreement between
the measurement and the calibration is very good, particularly up to 2.0 GHz, which is the region
in which measurements took place.
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Three-Antenna Method

Assuming you have three antennas and none of which are identical, the gain for your unknown antenna can be determined by measuring the transmission (and if necessary, the reflection) between each possible pair of the antennas and applying the Friis equation to each configuration. This produces Eq. A.3 - A.5, with |S21 |2 being the power transmitted between antennas
one and two, |S31 |2 being the power transmitted between antennas one and three, and |S32 |2 being the power transmitted between antennas two and three. This system can be solved by any
desired method to determine gain values for each antenna. The system simplifies a little if the
two antennas besides the test antenna are identical.
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(A.4)

G 2 G3

(A.5)

Efficiency and Physical Area vs. Effective Area

Efficiency, η, defined in Eq. (A.6), is the ratio of the power delivered to the load, PLoad ,
to the power incident on the energy harvesting rectenna, PI . PLoad is determined from the familiar Joule heating formula, PLoad = V 2 /RLoad , and PI is calculated by multiplying the area of the
rectenna by the intensity, I. I is calculated using Eq. (A.7), where G is the gain of the transmitting horn antenna (determined by methods described in App. A.3), Pt is the power delivered to
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the transmitting horn antenna and r is the distance between the horn antenna and the energy
harvesting rectenna.
V2

PLoad
R
× 100% = Load × 100%
η=
PI
I ×A

I=

Pt G
4πr2

(A.6)

(A.7)

There is some ambiguity in how to define the area of the rectenna. Non-aperture antennas are capable of capturing power from a region of space larger than their physical area (a great
example of this is a simple linear dipole antenna), and this larger region is called the effective
area. Traditionally, the effective area is what is used to define efficiency, ηe f f . However, the effective area can be difficult to determine accurately for rectennas because they contain diodes
(refer to Ch. B.5 for details on calculating the effective area). Additionally, if the effective area
of a rectenna is increased, then ηef f may not change, but the amount of power that can be captured by the rectenna may have significantly improved. In such a case, ηef f may be misleading.
Alternatively, the efficiency can be calculated using the physical area of the rectenna instead, ηgeo . It is a much easier quantity to determine and can therefore lead to more accurate
and reproducible results. Additionally it can be a better measure of improved energy harvesting
capability, as an increase in effective area will typically result in an increase in ηgeo . However, it
is important to note that this definition of efficiency can result in values over 100% when the effective area of a rectenna surpasses its physical area. Thus, when values over 100% are reported
using ηgeo , it does not mean that more energy is being harvested than is being received by the
rectenna, but rather it means that the rectenna’s effective area is larger than its geometric area.
In some sense, it might be somewhat of a misnomer to call this metric “efficiency” since values
can go over 100%, but this definition is actually the one used for aperture antennas (for which
the value can not exceed 100%). Although the rectennas presented in this work are not aperturetype antennas, this definition nonetheless makes for a good metric of energy harvesting performance due to the planar geometry of the rectennas. Given the advantages of using ηgeo , it will be
the definition most commonly used throughout this document, but values for ηef f will sometimes
be reported as well to keep in line with the more traditional definition of efficiency.
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Aef f =

A.5

λ2 D
4π

(A.8)

Optimizing the Load

To maximize the amount of energy harvested by a given rectenna, the resistance of the
load needs to be optimized so that maximum power is delivered to it. This is analogous to the
way a battery delivers maximum power to a load whose resistance is equal to the internal resistance of the battery. Fore rectennas, the value of the optimum load will technically be both a
function of frequency and input power due to the diodes present, which are nonlinear and possess
frequency-dependent parameters. Fortunately these dependencies are minimal over most of the
ranges of frequencies and input powers tested and so it is adequate to optimize the load only at
the frequency of most interest using a typical intensity. Thus, a preliminary frequency sweep at
fixed intensity (10 µW/cm2 is used) is performed to find the peak energy harvesting frequency,
after which the resistance provided by the decade box can be adjusted so that the energy harvesting efficiency is maximum at the peak frequency.
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Appendix B

SIMULATION METHODS

This appendix contains details on the setup and interpretation of simulations performed
in CST Microwave Studio for the experiments presented in Ch. 2, 3, and 4.

B.1

CST Microwave Studio Overview

CST Microwave Studio software is a versatile compilation of computational algorithms
for 3D simulation of electromagnetic waves in materials and electrical circuits. Its solvers solve
Maxwell’s equations to determine the electromagnetic behavior of electrical devices, antennas,
circuit components, etc., especially in high-frequency regimes, such as GHz and THz. The time
domain solver (which is used almost exclusively in this work) uses a Gaussian pulse as an input
signal to a device under test (DUT), with the shape and duration of the pulse related to a specified frequency range via a Fourier transform. Resultant output signals are produced, and can
be analyzed in the frequency domain by an appropriately normalized inverse Fourier transform.
The software is capable of simulating signal sources in the form of plane waves, waveguides, and
discrete ports which are used in conjunction with appropriate boundary conditions (open, transverse electric, or transverse magnetic) to accommodate a broad range of electromagnetic problems. Monitors for the current, voltage, farfield, electric field, magnetic field, and other properties
can be set to aid analysis on the DUT.
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B.2

Absorption Cross Section

The absorption cross section (ACS), σACS , is defined as the power absorbed in the device divided by the incident intensity (Eq. B.1). It is calculated in CST Microwave Studio when
a broadband farfield monitor is included in a plane wave simulation. Its use is primarily for locating absorption peaks in potential designs. It also exhibits some usefulness in making relative
comparisons between modifications of a design. Sometimes it is useful to normalize the ACS by
dividing by the physical area of the sample to more easily observe changes in absorption with
design modifications relative to the physical size of the sample. However, the ACS should usually not be depended on to quantitatively predict the energy harvesting efficiency of the device.
This is because of the limitations of the diode model in simulations (refer to Sec. B.4) and because σACS includes all power absorbed in the sample, regardless of where it occurs (substrate,
conductor loss, diodes, load, etc.), whereas the energy harvesting efficiency only counts DC power
delivered to the load. As long as these limitations are kept in mind, the ACS is a useful tool for
predicting the performance of energy harvesting devices.

σACS =

B.3

Pabs
I

(B.1)

Unit Cell Method

Commonly, metamaterial perfect absorbers are evaluated in CST Microwave Studio using
the frequency domain solver and unit cell boundary conditions. This creates the mathematical
equivalent of a plane wave incident on an infinitely large metamaterial. The absorption spectrum
of the metamaterial can then be calculated from the S-parameters, S11 and S21 , corresponding to
the reflection and transmission, respectively, of the wave incident on the metamaterial (Eq. B.2).
Typically, perfect absorbers include a metal ground plane that causes the transmission to always
be zero; in which case only the reflection needs to be considered.

A = 1 − R2 − T 2 = 1 − |S11 |2 − |S21 |2
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(B.2)

Figure B.1: Two equivalant unit cells of a perfect absorber along with the full metasurface

B.3.1

Comparison Between ACS and Unit Cell Method

The unit cell method offers the advantage of being able to clearly identify which metamaterials are perfectly absorbing, as absorptions near 100% can readily be obtained. However, the
results produced may be inaccurate when the number of unit cells is small and/or if the nature of
the boundaries of the metamaterial affects the resonance behavior. These situations can readily
occur at RF frequencies, where the size of the metamaterial structures are ∼ cm and the metasurface would need to be excessively large to include a large number of unit cells. Consider for
example, the complementary split-ring resonator metamaterial cavity presented in Ch. 4. Two
equivalent unit cells and the full design are shown in figure B.1. Figure B.2 compares results using both the unit cell approach and the ACS. The results reported using the ACS are the ones
observed experimentally due to the limited number of unit cells (only 25) and the effects of the
metamaterial boundary.

82

Figure B.2: Comparison of ACS and Unit Cell Methods. (a) The absorption was calculated using
both unit cells, which yielded identical results. Only a single peak just above 2.5 GHz is predicted
to occur according to the unit cell method. (b) The ACS (normalized by the physical area) shows
several peaks between 0.3 to 3.0 GHz, which is in much better agreement with experiment.

B.4

Schottky Diode Model and DC Power Delivered to the Load

The primary challenge in simulating an energy harvesting rectenna is in using an accurate model for the Schottky diodes. Keyrouz [37] presents an equivalent circuit that models
Schottky diodes well. That circuit has been modified to exclude the negligible parasitic capacitance and to include the video resistance Rv (the junction resistance for low power signals) to
obtain the circuit in Fig. B.3. This circuit leads to reasonable agreement between the ACS and
experimental data, but has some notable limitations. First, the junction capacitance, Cj , is a
frequency-dependent quantity and since the resonance frequency of the metasurface depends on
the capacitance, there can be a shift in the resonance freuquencies predicted by the simulations
as compared to experiment. The shift appears to be small below 1 GHz, but increases with frequency. Second, RV is a power-dependent quantity, but a constant value of 5000 Ω has been assumed. This value is meant to correspond to the inverse of the slope of the IV curve for a Schottky diode, which will be approximately constant within a certain range of input power for which
the threshold voltage of the diode has been met, but the power is not great enough to strongly
generate harmonics. With these limitations in mind, simulations depending on the diode model
are helpful for qualitatively predicting device behavior, but should be relied upon for quantitative
results.
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Figure B.3: Schottky diode model. Values for the parameters Cj , Rs , RV , and Ls were pulled from
the specification sheet for a Skyworks SMS7630-079LF diode.
When performing ACS simulations on a sample containing Schottky diodes, the idealized
diode element in the equivalent circuit model is omitted. This is to eliminate the harmonics produced by the diode which, due to the Gaussian pulse method used by the solver, can offset the
absorption at some frequencies and distort the shape of the ACS. Comparisons between simulations with and without the idealized diode elements indicate that omission of the idealized diodes
does not affect the location of the resonance frequency.
Another useful metric for evaluating energy harvesting performance of a device is to examine the DC power delivered to the load by making use of CST Microwave Studio’s built-in
voltage and current monitors for lumped elements (or calculating it by the available post-processing
template subroutine). However, due to the Gaussian pulse method used by the simulation, information is lost as to which frequencies contribute the most DC power to the load. This is not
of much concern when there is only one peak, where it can be assumed that the bulk of the DC
power originates from the resonance peak, but it can be difficult to ascertain the effectiveness of
designs featuring multiple peaks. As such, this metric is best for evaluating changes in performance for parametric changes within the same design. Some comparisons between designs can
be made provided that the following rules are applied: 1. An identical frequency range is used
for both designs. 2. The input power is also identical. 3. The power is normalized by the physical area of the rectenna. 4. Both designs include the same number of peaks, with similar band-
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widths. Under these conditions, two designs producing normalized DC powers within approximately an order of magnitude have comparable performance and must be differentiated experimentally.

B.5

Determining Directivity and Effective Area

Directivity, D, is defined as the power radiated by a lossless antenna in a given direction
divided by the power that would be radiated in that same direction by a theoretical isotropic antenna for a given input power (it is impossible to construct a perfectly isotropic antenna, but it
makes for a useful reference). When ohmic losses in the antenna are included, then this ratio is
instead called the gain, G, such that G = D, where  is the efficiency of the antenna (not to be
confused with energy harvesting efficiency). For an arbitrary antenna, both directivity and gain
are functions defined over all values of θ and φ in spherical coordinates, but when directivity (or
gain) is referred to without any specified angles, the maximum value and corresponding direction
is implied. An antenna can not possess large directivity/gain in all directions and so generally
antennas with large directivity/gain in one direction will possess low directivity/gain in all other
directions.
For antennas without active or nonlinear elements, it follows from the reciprocity theorem that the antenna’s transmitting and receiving directivities (and also gains) are identical and
so no distinction needs to be made between them. This distinction is important for energy harvesting rectennas, which contain diodes, especially since the receiving directivity is of primary
interest but the transmitting directivity is more readily determined. The transmitting directivity
of antennas is calculated with CST Microwave studio by eliminating all ohmic losses in circuit elements and in each material (using lossless versions of materials and PEC, etc.) and then replacing the load with a discrete port of equal impedance and including a broadband farfield monitor.
For nonlinear antennas, the resultant transmitting directivity could be assumed to be identical to
the receiving directivity, but since energy harvesting rectennas contain diodes, this will be inaccurate. To preserve the use of the reciprocity theorem, and thus allow the two directivities to be
equated, the idealized diode elements are removed from the equivalent circuit model (just as for
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ACS calculations). This omission of the diode elements is justifiable as the ACS simulations show
that the antenna’s absorption properties are not drastically altered without them and thus the
directivity, which is similar to the absorption, should also not be dramatically affected as well.
Once the directivity is determined, the effective area of the sample is easily calculated using Eq. B.3. Refer back to Sec. A.4 for the meaning of effective area and its role in determining
energy harvesting efficiency.

Aef f =
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